reductase; UPase, uridine phosphorylase. Minic et al.
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INTRODUCTION
-9 -Controls were stopped at time zero. The activity for CMP-5'-nucleotidase was determined as described in the protocol of West and Beutler (17).
Substrate specificity studies for 5'-nucleotidase were performed as described in the protocol by
Niedzwiecka and Jaroszewicz (19)
Uridine phosphorylase assay -The UPase assay (20) was performed by spectrophotometric measurement. The reaction mixture (200 µl) contained 100 mM potassium phosphate buffer (pH 7.9), 5 mM DTT, 10 mM uridine, and protein extract (0.3-1.0 mg of protein). After incubation at 37°C for 30 min, the reaction was stopped by the addition of 1.8 ml of 0.01 M NaOH. The absorbance at 290 nm was determined and corrected for a blank which had been stopped at zero time. Specific activity was calculated from the change of absorbance during the first 30 min, using an extinction coefficient for uracil of 5.7 mM -1 cm -1 .
Uracil reductase assay -Enzyme activity for this reaction was determined at 37°C by monitoring the decrease in absorbance at 340 nm that accompanied the conversion of NADPH to NADP + (21). The reaction mixture contained: 50 mM Tris-HCl, pH 7.2, 2.5 mM MgCl 2 , 2.5 mM 2-mercaptoethanol, 200 µM NADPH, 250 µM uracil and protein extract (0.5-1.5 mg of protein) in a final volume of 2 ml. The reaction was initiated with uracil and run against a blank containing the identical reaction mixture without uracil. The extinction coefficient used for the oxidation of NADPH to NADP + was 6.22 mM -1 cm -1 .
Aspartate transcarbamylase assay -The aspartate transcarbamylase activity was measured by the radioactive method (9, 10). The standard conditions were 50 mM Tris-HCl (pH 8.0), 20 mM Minic et al.
-11 -presence of 0.1% Triton X-100 (pH 7.8), first alone and then with a 0-0.5 M NaCl discontinuous gradient. One ml fractions were collected and assayed for 5'-nucleotidase activity.
Protein assay -Total protein concentration was determined by the Lowry method (24), with bovine serum albumin dissolved in extraction buffer as the standard.
-16 -The substrate-saturation curves for UMP and CMP of the enzymes present in peaks I and II were determined. Fig. 5 shows the results obtained and the kinetic parameters resulting from their fit to the Michaelis-Menten equation. For UMP and CMP respectively, in the case of peak I, Km values of 67 ± 9 µM and 219 ± 13 µM were obtained (Fig. 5A) . For peak II, Km values of 45 ± 4 µM and 108 ± 8 were obtained (Fig. 5B ). These differences confirm that these two peaks of activity correspond to different enzymes.
Inhibition
To further characterize these two 5'-nucleotidase activities, they were examined in the presence of various compounds known to be inhibitors of 5'-nucleotidase (33-38). The inhibitory effects of these inhibitors at a 2 mM concentration on the dephosphorylation of CMP are shown in Fig. 6 . It appears that 1 mM EDTA provokes the complete inhibition of the two enzymes; this result indicate that these 5'-nucleotidases use Mg 2+ as a cofactor, as do the previously described homologous enzymes (39, 40). The activity was restored by addition of 5 mM Mg 2+ (not shown).
At concentration of 2 mM the other compounds tested had increasing inhibitory effects in the order: ATP > ribulose 5'-phosphate/cAMP > inosine. The two enzymes were similarly inhibited by these various compounds. The two nucleotidase activities are insensitive to NaF, as a strong inhibitor of phosphatase (41), confirming the lack of phosphatase activity in these preparations.
In addition, kinetic analyses were performed in order to determine the type of inhibition provoked by each of these compounds. These experiments were carried out using 1, 2 and 4 mM fixed concentration of inhibitors. The results obtained are shown in Fig. 7 . For both peaks of activity, the inhibition by ATP and ribose-5'-phosphate were competitive, while the inhibition by Minic et al.
-17 -inosine was uncompetitive. Cyclic AMP was a noncompetitive inhibitor for peak I and partial noncompetitive inhibitor for peak II.
These catalytic properties and inhibitor effects are characteristic of 5'-nucleotidase, and are similar to those found in the case of other animal sources (42-44).
Heterogeneity of localization of pyrimidine metabolism enzymes in the trophosome
Analysis of the trophosome by electron microscopy has suggested the presence of the symbiont at various states of development: dividing bacteria predominantly present in the central part of the trophosome lobules (clusters of bacteriocytes) and lysed bacteria present at the periphery (45).
We hypothesized that such a specific tissue organization could exist across the entire trophosome, accompanied by differential distribution of the enzymes of catabolism and biosynthesis of pyrimidine nucleotides.
In order to test this hypothesis, the distribution of enzyme activities in different parts of the trophosome was investigated from the center of the trophosome to its periphery. The two catabolic enzymes, 5'-nucleotidase and UPase and two enzymes of the anabolic pyrimidine biosynthetic pathway, ATCase and DHOase, were tested in three zones of the trophosome tissue (center, middle and periphery as indicated in Fig. 1 ). The results obtained are given in Fig. 8 . The distribution of peak I and II activities of 5'-nucleotidase and UPase shows that maximal enzyme activity is found in the periphery of the trophosome. In contrast, ATCase and DHOase activities were the highest in the central zone. Thus, there seem to be opposite gradients of the activities of the catabolic and anabolic enzymes of the pyrimidine nucleotides pathway, in the trophosome.
-
-DISCUSSION
In the present work we have investigated the distribution and properties of enzymes involved in the catabolism of pyrimidine nucleotides in R. pachyptila. The results obtained, together with previously reported data on the de novo and salvage pathways (9), allow us to propose a general scheme for the organization of the metabolism of pyrimidine nucleotides in R. pachyptila and its endosymbiont (Fig. 9 ). This scheme assembles the results described below.
The symbiotic bacteria possesses enzymatic equipment for the biosynthesis of pyrimidine nucleotides through the de novo pathway, but lacks the enzymes of the salvage (9) and catabolic pathways as demonstrated here. In contrast, the host cells (including the bacteriocytes) in R.
pachyptila possess the enzymes catalyzing the final steps of the de novo pathway as well as the enzymatic equipment for the salvage pathways leading to the synthesis of pyrimidines from nucleic acid degradation products. Since the host cells do not have the first three enzymes of the de novo pathway (CPSase, ATCase and DHOase), the necessary metabolic precursors, orotate and/or dihydroorotate, must be provided by the bacteria. The first reaction of this de novo pathway (carbamyl-phosphate synthetase) relies on inorganic carbon and nitrogen provided by the external medium. Thus, the de novo pathway to pyrimidine nucleotides in R. pachyptila is absolutely dependent on the symbiotic bacteria. For this reaction to occur CO 2 , NH 3 , and nitrate are provided by the external environment. Nitrate is reduced by assimilatory enzymes present only in the bacteria (9, 46-48). The resulting NH 3 , is used for the synthesis of glutamine from glutamate, glutamine being the substrate of the carbamyl-phosphate synthetase specific to the pyrimidine pathway and present only in the bacteria (9, 10).
-19 -The results reported here show that R. pachyptila possesses the activities of three enzymes participating in the catabolism of pyrimidine nucleotides, 5'-nucleotidase, UPase and uracilRase, in all its tissues. Notably, these enzymes do not exist in the bacterial endosymbiont. Catabolism of pyrimidine nucleotides leads to the production of CO 2 , NH 3 , malonyl-CoA and succinyl-CoA; subsequently malonyl-CoA can be used for the biosynthesis of fatty acids while succinyl-CoA enters into the cycle of citric acid (15, 49, 50). In this manner the degradation of pyrimidine nucleotides can represent an alternative nutritional source of nitrogen and carbon, besides the external environment of the worm, and thus can feed other biosynthetic pathways. Indeed, previous observations indicate that the supply of inorganic carbon and nitrogen must limit the growth of Riftia. In the case of carbon, the CO 2 concentration around the Riftia tube is about 5 mM (51) and it was emphasized that the worm metabolism implies a high demand for inorganic carbon whose concentration must be limiting inside the symbiont (51, 52). In the case of nitrogen the concentrations of nitrate and ammonia around the tubeworm are respectively 15 to 40 µM and 0.1 to 0.3 µM, concentrations which are also considered as limiting (53). Under these growth conditions an alternative source of inorganic carbon and nitrogen would contribute to the development of the worm. The effectiveness of the catabolism of nucleosides in providing carbon and nitrogen was well documented in a series of microorganisms (49, 54) and in mammals (55).
In the case of Tetrahymena pyroformis it was shown that 50% of the degradation products of labeled thymidine were recovered in macromolecules other than nucleic acids (56).
As far as 5'-nucleosidase is concerned, the highest activity was found in the trophosome, suggesting that the production of nucleosides is mainly occurring in trophosomic cells. -20 -purine nucleoside (guanosine and inosine) is present in the trophosome tissue. Our results have shown that after chromatographic separation, two peaks of 5'-nucleotidase activity are found which catalyze the hydrolysis of both GMP and IMP into guanosine and inosine, respectively.
Contrary to nucleotides, which cannot cross the cell membranes, nucleosides (uridine, cytidine, uracil, guanosine, inosine...) can traverse membranes (11) and could thereby be delivered to other tissues of the worm. In this manner, the nucleosides generated in the trophosome from the degradation of nucleic acids (including those of the bacteria) could be transported to the other parts of the host and be used in both the salvage and the catabolic pathways.
Ultrastructural cellular studies have shown the occurrence of symbiont lysis in the trophosome (45, 58, 59), and it was proposed that such lysis might represent a nutritional source for R.
pachyptila. Our enzymatic analysis shows the existence of a gradual increase of the catabolic enzyme activities, 5'-nucleotidase and UPase, from the center towards the peripheral region of the trophosome. In contrast, the activity of the bacterial enzymes which participate in the de novo biosynthesis of pyrimidine nucleotides, ATCase and DHOase, decreases from the center of the trophosome to its periphery. This observation is consistent with the hypothesis that an important production of nucleosides from nucleotides would derive from lysed bacteria predominately in the periphery of the trophosome. On the other hand, the central zone of the trophosome would contain a high population of actively dividing bacteria. It is well known that the enzymatic activities of the de novo pyrimidine pathway are especially high in rapidly dividing cell populations (60). These observations emphasize the idea that the trophosome is not a homogeneous tissue, but one which exhibits a structural and physiological organization. The specific tissue distribution of hydrolytic enzymes, such as 5'-nucleotidase and UPase, across the Minic et al.
-21 -trophosome may be part of an organized hydrolytic system compensating the fact that R. pachyptila does not have a differentiated digestive system.
In conclusion, the two symbiotic partners in R. pachyptila have developed a particular metabolic organization and a nutritional strategy involving numerous interactions and metabolic exchanges as shown here in the particular case of pyrimidine metabolism. This complex organization is the basis of the adaptation of R. pachyptila to the extreme hydrothermal vent environment and the absence of readily available source of organic carbon through photosynthesis.
Minic et al. Minic et al.
-27 -TABLE I
Determination of the CTP hydrolysis products in various body parts of Riftia pachyptila
Samples of 10 mg of dialyzed protein extracts of various body parts of R. pachyptila were incubated with 0.1 mM CTP at pH 8.5 for 3 h at 37°C. The products of hydrolysis were separated by DEAE-Sephadex A-50 (see "Experimental Procedures" for technical details). The radioactivity of the cytosine, CMP and CDP fractions obtained was measured and each is expressed as % of total radioactivity. nd = not detectable. pachyptila.
The protein extract of each body tissues of R. pachyptila (20 mg protein) was chromatographed on a 1.5 cm × 1.6 cm DEAE-Sepharose column as reported in Fig. 3 . The column was eluted discontinuously in 11 steps with 2.5 ml fractions of 25 mM Tris-HCl, pH 7.8, 0.1 % Triton X-100 buffer containing increasing concentrations of NaCl from 0 to 0.5 M.
Fractions of 1 ml were collected and 100 µl aliquots were assayed for CMP-5'-nucleotidase activity, as described under "Experimental Procedures". nd = not detectable. UPase pH profile was determined in 100 mM potassium phosphate buffer. The activities were measured as described under "Experimental Procedures". -32 -(B). The 5'-nucleotidase activity measurements were made using 100 µl aliquots of the chromatography fractions. inhibitors. CMP saturation curves of peak I and peak II coming from DEAE Sepharose chromatography (see Fig. 3 ) were used for nucleotidase activity measurements in the presence of the different inhibitors, using 100 µl aliquots. As indicated, two concentrations of inhibitor were used, that is 2 mM and 4 mM in the case of ATP, ribulose 5'-phosphate and inosin; and 1 mM and 2 mM in the case of cAMP. Enzyme activity was determined as described in the "Experimental Procedures". Rib-5'-P = ribulose 5'-phosphate.
